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Together with the cardiovascular alterations, changes in the respiratory system, represented by respiratory muscle weakness (32, 34, 35) , an inadequate ventilation/perfusion ratio (35) , pulmonary edema, and abnormal respiratory mechanics (15, 17) , have a pivotal role in the symptomatology of HF. Specifically, the respiratory muscle weakness present in HF, both in humans and animals (32, 34, 35, 47) , represents an important and independent predictor of poor prognosis (34) and has also been associated with functional limitation. The pulmonary system is intimately linked with the cardiovascular system anatomically and hemodynamically and through a number of mechanisms, plays a noteworthy role in exercise intolerance. However, the association between the cardiovascular and respiratory alterations and functional limitation in HF is still not fully understood.
Modulation of the cardiovascular system by the sympathetic and parasympathetic systems is modified markedly by respiration (2, 19) . The periodic ventilation, present in patients with HF, is related directly with sympathetic hyperactivity (46) . Furthermore, in HF, respiratory muscle weakness contributes toward increased neurohumoral excitation due to hyperactivity of the diaphragmatic metaboreflex, resulting in increased sympathetic vasoconstrictor activity, which decreases perfusion in skeletal muscle (10, 12, 22) .
Respiratory muscle training (RMT) is used frequently in clinical practice, although its benefits are still the subject of debate (20) . Recently, our group demonstrated that RMT in patients with HF led to increased respiratory muscle strength and performance, thus increasing exercise capacity and quality of life (8) . Additionally, there is some evidence that RMT significantly reduces inspiratory muscle metaboreflex (6, 8) . A few reports (4, 42) , which investigated the effects of RMT in normal rats, demonstrated that RMT increases diaphragmatic mass and leads to hypertrophy in IIa and IIb fiber types. However, the effect of RMT on neurohumoral control of the cardiovascular system and respiratory mechanics in HF rats has not been evaluated.
Therefore, we conducted the present study to test the hypothesis that a 6-wk protocol of RMT could be associated with improvement in cardiac morphometric, hemodynamic, and autonomic function; BRS; and respiratory mechanics in rats with HF.
METHODS

Animals.
Experiments were performed on 32 male Wistar rats (200 and 230 g) from the Animal Breeding Unit of the Universidade Federal de Ciências da Saúde de Porto Alegre (UFCSPA; Brazil). They were housed in groups of three/cage, receiving food and water ad libitum in an animal room maintained at 22°C under a 12:12-h light-dark cycle. The investigation followed the ethical rules established by the Guide for Care and Use of Experimental Animals published by the National Institutes of Health (publication no. 85-23, revised in 1996). All procedures outlined in this study were approved by the UFCSPA Ethics and Research Committee (protocol 712/08).
Surgery to induce MI. Rats were anesthetized with xylazine (12 mg/kg ip) and ketamine (90 mg/kg ip), intubated, and artificially ventilated. Ligation of the left coronary artery and sham operations were performed as described previously (40) . After surgery, the animals received a single injection of monofenew (0.05 ml/100 g) and gentamicin (0.05 ml/100 g).
Experimental design. After MI, rats were allowed a minimum of 4 wk to recover (time necessary to develop the HF state) (40) and were assigned to one of four experimental groups: sedentary sham rats (Sed-Sham; n ϭ 8), trained sham rats (RMT-Sham; n ϭ 8), sedentary HF rats (Sed-HF; n ϭ 8), or trained HF rats (RMT-HF; n ϭ 8).
RMT protocol. Four weeks after MI or sham surgery, the rats assigned to the groups, which would include RMT, underwent a 5-day adaption protocol, as described previously (4, 42) . The RMT protocol began in the 5th wk. It comprised 30 min/day, 5 days/wk for 6 wk, during which time, a progressive increase in resistance was achieved by reducing the internal diameter of the hole through which the animal breathed, as described previously (4, 42) .
Conscious cardiovascular measurements. In the week following the RMT period, under general anesthesia with xylazine (12 mg/kg ip) and ketamine (90 mg/kg ip), two catheters filled with saline (0.06 ml) and heparin (0.01 ml) were implanted into the abdominal aorta and inferior vena cava. The catheters were used for the purposes of directly measuring mean AP (MAP) and administering drugs, respectively. Awake rats were studied 1 day after catheter placement. The arterial catheter was attached to a 40-cm polyethylene tube connected to a strain-gauge pressure transducer (Miniature Pulse Transducer RP-155, Narco Bio-Systems, Houston, TX), coupled to a pressure amplifier (Stemtech, Houston, TX), and blood-pressure signals were recorded over a 15-min period (CODAS, 1-kHz sampling frequency, Dataq Instruments, Akron, OH). The recorded data were analyzed on a beat-to-beat basis to quantify the parameters of interest.
BRS. As described above, 1 day after catheter placement and prior to the baroreflex test, HR and blood-pressure signals were recorded for 15 min to serve as baseline control recordings for each rat. Baroreflex-mediated changes were measured during peak increases or decreases in MAP due to systemic venous injection of a single dose of phenylephrine (8 g/ml; Sigma Chemical, St. Louis, MO) or sodium nitroprusside (100 g/ml; Sigma Chemical), respectively (41) . The corresponding peak reflex changes in HR were recorded after each dose of these drugs. The changes in MAP were within the 10-to 30-mmHg range. The maximum changes in MAP and HR were measured, and BRS was determined by fitting the MAP and HR changes to a sigmoidal, logistic equation, as described previously (23) .
Vagal and sympathetic control of HR. After returning to basal values (ϳ15 min after baroreflex evaluation), HR and MAP were recorded again for a 15-min period to serve as a baseline measurement. Vagal and sympathetic tone and effect, together with intrinsic HR (IHR) were determined by injecting methylatropine (3 mg/kg iv; Sigma Chemical) and propranolol (4 mg/kg iv; Sigma Chemical) at a maximum volume of 0.2 ml/injection. The vagal effect was evaluated as the difference between the maximum HR after methylatropine injection and the control HR. The sympathetic effect was evaluated as the difference between the control HR and minimum HR after propranolol injection. The vagal tone was calculated as the difference between the IHR and the HR after propranolol injection. The sympathetic tone was determined as the difference between the HR after methylatropine injection and the IHR (37) .
Assessment of respiratory mechanics. Twenty-four hours after autonomic evaluation, the rats were anesthetized again, as described above, and tracheostomized, and a rigid-type cannula (2-mm ID) was inserted into the trachea and tied firmly in place. The cannula was connected to a small animal ventilator (flexiVent, Scireq, Montreal, QC, Canada). Rats were mechanically ventilated at a breath rate of 90 breaths/min, with a tidal volume (VT) of 10 ml/kg using 5 cmH2O-positive end-expiratory pressure established by a water column. No muscle relaxants were used. If necessary, additional doses of anesthetics were given as required. In addition, the breath rate was set above normal (120 breaths/min) to suppress spontaneous breathing when measuring respiratory mechanics (7, 18) . Rats were allowed to stabilize on the ventilator for 5 min before the measurements were taken. Impedance of the respiratory system was measured following a forced oscillation. Impedance was measured during a 16-s vol perturbation signal. Before taking the measurements of each rat, calibration signals were collected by applying the volume oscillation through the tracheal cannula, at first, with the cannula completely closed and then, with it open to atmosphere (25) . The perturbation of 16 s is composed of sinusoids with mutually prime frequencies ranging from 0.25 to 19.625 Hz, which were chosen to avoid harmonic distortion (21) . The amplitudes of the sinusoids decreased hyperbolically with frequency.
The constant-phase model described by Hantos et al. (21) was used to partition impedance into components representing the mechanical properties of the airway and parenchyma. The constant-phase model was fitted as:
␣ , where Zrs is respiratory system impedance, R aw is airway resistance, Iaw is the inertance, Gti is tissue resistance, Hti is lung elastance (Est), i is the imaginary unit, f is frequency, and ␣ ϭ (2/)arctan(Hti/Gti) (7). Quasistatic Est reflects the static elastic recoil pressure of the lungs at a given lung volume and was measured by applying the pressurevolume curve technique using the Salazar-Knowles equation, as described by the flexiVent manufacturer.
Cardiac hemodynamic evaluation. After evaluating the respiratory mechanics, while under anesthesia, as described previously, a polyethylene catheter (PE-50) was inserted into the right carotid artery for hemodynamic evaluation. The AP was recorded first during a 5-min period. Then, the catheter was positioned inside the left ventricle (LV), and the pulse wave was monitored using the typical graphic registration of ventricular pressure and recorded for 5 min. These data were used to determine LV systolic pressure (LVSP), LV maximum change in pressure over time (ϩdP/dtmax) and LV minimum change in pressure over time (ϪdP/dt max), and LV end-diastolic pressure (LVEDP).
Infarct size, heart hypertrophy, and pulmonary and hepatic congestion. The animals were killed with an overdose of anesthetic (thiopental 80 mg/kg ip), and the heart, lungs, and liver were removed and weighed. The right ventricle (RV) and LV were dissected and weighed. The LVs were filled with an insufflating latex balloon and placed in 10% formaldehyde for a minimum of 3 days before being cut into two equal transverse sections. These sections were embedded in paraffin for subsequent analysis of the infarct size. The ventricles were sectioned (4 m) using a RM-2255 rotary microtome (Leica, Germany). The sections were stained with hematoxylin and eosin and magnified using a stereomicroscope (Stemi SV6, Zeiss, Germany). The percentage of the infarcted area was determined as described previously (40) .
The heart weight-to-body weight ratio (HW/BW), LV/BW, and RV/BW values were determined. Lungs and liver were dehydrated (80°C) for 48 h and then weighed again to evaluate the water percentage.
Cardiopulmonary interaction. To test the effects of RMT on the association between cardiovascular and pulmonary parameters-a process known as cardiopulmonary interaction-we tested the correlation between cardiovascular and pulmonary variables.
Statistical analysis. All data are expressed as mean Ϯ SD. The intergroup data were analyzed using two-way ANOVA, followed by the Bonferroni post hoc test to compare the group (HF or Sham) and intervention (RMT or Sed) effects. Pearson's correlation analysis was performed to test associations. A P Ͻ 0.05 was considered statistically significant. The GraphPad Prism 5 program (GraphPad Software, San Diego, CA) and SigmaPlot 11.0 for Windows (Systat Software, Chicago, IL) were used in the data analysis.
RESULTS
Mortality, BW, infarct size, heart hypertrophy, and pulmonary and hepatic congestion. Mortality in MI-induced HF rats, during or after surgery, was 34%. In the sham groups, there were no deaths during the study. The Sed-HF group presented pulmonary and hepatic congestion compared with sham groups; RMT reduced the pulmonary (P Ͻ 0.001 for group and training, and P Ͻ 0.01 for interaction effects) and hepatic congestion (P Ͻ 0.01 for group, and P Ͻ 0.001 for training effects). The HW/BW, LV/BW, and RV/BW were higher in the Sed-HF group compared with the Sed-Sham group. RMT decreased cardiac hypertrophy (HW/BW; P Ͻ 0.001 for group, and P Ͻ 0.01 for training effects) and RV hypertrophy (RV/ BW; P Ͻ 0.001 for group, and P Ͻ 0.01 for training and interaction effects) compared with the Sed-HF group. All of these data are summarized in Table 1 .
BRS. The baroreceptor-mediated reflex showed that the values related to the highest slope point of the MAP (MAP 50 ) were lower in the Sed-HF group compared with the Sed-Sham group. The RMT-HF group showed a significant increase in the MAP 50 compared with the Sed-HF group (P Ͻ 0.01 for group, and P Ͻ 0.05 for training effects). BRS (gain) was also higher (P Ͻ 0.05 for training effect) in the RMT-HF group than in the Sed-HF group. These data are summarized in Table 2 and Fig. 1 .
Vagal and sympathetic control of HR. The results for autonomic function are summarized in Table 3 . Vagal effect and vagal tone were lower in the Sed-HF than in the Sed-Sham group. After RMT, the vagal effect was greater in the RMT-HF group (P Ͻ 0.001 for group, and P Ͻ 0.05 for training effects). The sympathetic effect and tone were greater in the Sed-HF group than in the Sed-Sham group. After RMT, in the HF group, there was a decrease in sympathetic tone (P Ͻ 0.01 for group, training, and interaction effects). Resting HR was greater in the Sed-HF than in Sed-Sham rats. In HF rats, RMT reduced resting HR (P Ͻ 0.001 for group, and P Ͻ 0.05 for training and interaction effects). Overall, therefore, RMT improved all autonomic function indices.
Respiratory mechanics. The respiratory system resistance (Rrs) showed an increase in the Sed-HF group (Fig. 2A) . Gti, which has a noteworthy role in Rrs, was also increased in Sed-HF rats (Fig. 2B) . RMT was able to decrease Rrs (P Ͻ 0.001 for group, training, and interaction effects) and Gti (P Ͻ 0.001 for group and interaction, and P Ͻ 0.01 for training effects) in HF rats. Respiratory system Est (Ers) was greater in Sed-HF rats; RMT restored the Ers (P Ͻ 0.001 for group, and P Ͻ 0.01 for training and interaction effects; Fig. 3A ). Tissue Est (Hti), which has a main role in Ers, was also increased in HF rats; RMT restored Hti (P Ͻ 0.001 for group, and P Ͻ 0.05 Values are means Ϯ SD; n ϭ 8 for all groups. BW, body weight; HW/BW, heart weight-to-BW ratio; LV/BW, left ventricle-to-BW ratio; RV/BW, right ventricle-to-BW ratio; Sed-Sham, sedentary sham rats; RMT-Sham, respiratory muscle training sham rats; Sed-HF, sedentary heart failure rats; and RMT-HF, respiratory muscle training heart failure rats. for training and interaction effects; Fig. 3B ). Additionally, quasistatic Est was greater in the Sed-HF group; RMT reduced Est in HF rats (P Ͻ 0.01 for group, training, and interaction effects; Fig. 3C ). Hemodynamic variables. In sham rats, RMT had no effect on LVEDP, LVSP, ϩdP/dt max , or ϪdP/dt max but improved all four parameters in infarcted rats (Table 4) . RMT also normalized systolic pressure, diastolic pressure, and MAP (Table 3) .
Correlations. To study cardiopulmonary interaction, we examined the relationship between cardiovascular and pulmonary parameters. Positive correlations were found among RV hypertrophy and pulmonary congestion (r ϭ 0.40, P Ͻ 0.05), sympathetic tone (r ϭ 0.58, P Ͻ 0.001), and effect (r ϭ 0.43, P Ͻ 0.05). Negative correlations were found between RV hypertrophy and vagal tone (r ϭ Ϫ0.46, P Ͻ 0.05) and effect (r ϭ Ϫ0.59, P Ͻ 0.01). Moreover, there were positive correlations between pulmonary congestion and sympathetic tone (r ϭ 0.39, P Ͻ 0.05) and negative correlations between pulmonary congestion and vagal effect (r ϭ Ϫ0.42, P Ͻ 0.05).
DISCUSSION
In the present report, we have demonstrated for the first time that RMT in rats with HF induced: 1) improvement in cardiovascular function, as demonstrated by the decrease in LVEDP, increase in LVSP, and decrease in RV hypertrophy and lung and hepatic congestion; 2) decreased sympathetic tone, increased vagal effect, and improved arterial baroreceptor sensitivity; and 3) improvement in respiratory mechanics, which was verified by the decrease in the Rrs and Gti and also by the decrease in Ers, Hti, and Est. These benefits result in improved cardiopulmonary interaction in HF. Interestingly, in the present report, there are no differences between the RMT-Sham and Sed-Sham groups in any studied parameter. This may be explained by the fact that in the Sham groups, there are no impairments in the studied variables, which therefore, showed no response to the RMT protocol. In addition, the intensity of RMT may have been insufficient to produce improvements in normal rats.
The beneficial effects of RMT on the contractile properties and morphological characteristics of the diaphragm have been described previously in rats (4, 42) . Human studies aiming to test the impact of RMT in HF patients have shown benefits, such as improved functional capacity, symptomatology, and quality of life (6, 8) . However, there is no consensus regarding the responses to RMT in the physiopathology of HF due to the complex inter-relationship between the pulmonary and cardiovascular systems. To the best of our knowledge, the present report is the first to show that RMT has potential beneficial effects on cardiovascular and pulmonary parameters and consequently, on cardiopulmonary interaction in HF rats.
The experimental model of MI in rats results in HF (14, 40) . In this model, MI areas Ͼ30% represent a severe myocardial loss, which results in sustained hemodynamic dysfunction with high LVEDP, lower LVSP, and heart hypertrophy. In the present study, the infarcted area was ϳ45%, which is associ- ated with severe impairment of the hemodynamic function, respiratory system mechanics, and neurohumoral excitation. In a previous study developed in our laboratory (38) , we demonstrated a reduction of 12% in LVEDP in rats with MI submitted to a swimming protocol compared with sedentary MI rats. However, regarding RMT, the few existing studies used only normal rats and showed positive effects of RMT on morphometric and functional characteristics of the diaphragm (4, 42) . In HF, the reduced cardiac reserve, more labored breathing, and increased blood flow demand from respiratory muscle may result in competition for the blood distribution between respiratory and locomotor vascular beds (39) . The redirection of blood flow into the diaphragm is, in part, due to local metabolic accumulation during overload. This activates group IV phrenic afferent fibers, which leads to an increase in sympathetic vasoconstrictor activity in the limbs, increasing peripheral vascular resistance and decreasing oxygen supply to limb muscles (10, 22) . This reflex is known as the inspiratory muscle metaboreflex, which is hyperactivated in HF (10, 12) . The inspiratory muscle metaboreflex hyperactivity may be worsened by respiratory muscle weakness and is directly associated with exercise intolerance. In humans with HF, RMT reduces the inspiratory muscle metaboreflex and diminishes the influence of respiratory fatigue on the reduction in peripheral blood flow, both at rest and during exercise (6) . In addition, a reduction in the inspiratory muscle work via inspiratory pressure unloading results in a significant increase in active limbmuscle blood flow (39) . In the present study, we found that a 6-wk RMT protocol reduced LVEDP by 33% and increased LVSP by 21% in the HF-trained group compared with the Sed-HF group. Also, the RMT-HF group reduced the RV compensatory hypertrophy found in the Sed-HF group by 32% and led to decreased lung and hepatic congestion. The improved cardiovascular function observed after RMT results in increased LVSP and reduced LVEDP. In turn, this may produce peripheral vascular adaptations, which are translated into decreased hepatic and lung congestion. If these adaptations are present, the work of the RV decreases, minimizing the RV hypertrophy, as also demonstrated in this study.
On the other hand, the sympathetic hyperactivity, vagal attenuation, and decreased BRS observed in this report and by others (9, 30) lead to impaired HRV, which promotes important altera- tions to the hemodynamic function and tissue perfusion. Here, we have demonstrated that RMT reduces neurohumoral excitation and improves BRS, which can result in the recovery of blood flow in limb muscles, reducing cardiac overload. In this context, decreased sympathetic hyperactivity and improved parasympathetic attenuation are associated with increased functional capacity and long-term survival in HF patients (29) .
As mentioned above, changes in respiration are known to modulate cardiovascular activity (2) . A reduction in breathing rate together with a higher VT can increase the sensitivity of arterial baroreceptors, both in healthy individuals and those with cardiovascular diseases. This response seems to occur due to the increase in vagal activity and reduction in sympathetic activity (3) .
RMT in healthy individuals promotes an increase in cardiac vagal tone and improves exercise capacity (24) . In the experimental model of HF rats, electrical vagal stimulation improved long-term survival by preventing hemodynamic deterioration, as shown by the decreased LVEDP values and increased ϩdP/dt max (33) . Evidence from studies involving electrical vagal stimulation in humans with HF suggests it is beneficial in such individuals (44) .
In the present study, the vagal effect in HF rats improved after RMT. Furthermore, these rats showed greater BRS. In rabbits, exercise training normalizes baroreflex control and sympathetic activity (16, 36) . We observed that RMT, after HF, decreased resting HR, a response probably due to the 38% reduction in sympathetic tone. Physical exercise has several effects in patients with HF. It reduces muscle sympathetic nervous activity and consequently, peripheral vascular resistance, promoting greater perfusion of peripheral muscles (13, 43) . There is also an improvement in functional capacity, as indicated by an increase in peak maximal oxygen consumption (1) . Increases in resting HR are associated with high mortality, regardless of cause, in cardiovascular diseases, and particularly, in cardiac sudden death (27, 31). Reduction of resting HR with the use of ␤-blockers after MI decreases the mortality among HF patients (28) ; in this context, the present report has demonstrated a reduction in resting HR.
Chronic HF is associated with a number of pulmonaryrelated disorders, including restrictive and to a lesser extent, obstructive changes, reduced carbon monoxide diffusion capacity, reduced respiratory muscle strength and oxygenation, and an overall increased work of breathing (17, 34, 39) . These alterations are associated with pulmonary congestion and edema (26) , due to LV dysfunction (35) , and are exacerbated during exercise, which contributes to dyspnea and fatigue in HF patients (5) . Hydrostatic pulmonary edema is caused by an increase in microvascular pulmonary pressure after increased LVEDP (11); pulmonary edema promotes an increase in the tissue component of the resistance in the respiratory system and decreases the airway cross-sectional area (5), leading to increased work of breathing, which activates diaphragm metaboreflex.
Regarding the effects of RMT on respiratory mechanics in rats with MI, we found a decrease in tissue and consequently, in Rrs. We also found a reduction in static tissue and static Ers. These results are consistent with the results observed in the hemodynamic variables, such as a reduction in LVEDP and in RV hypertrophy, as well as with the improvement in the pulmonary congestion, shown clearly in this study. In addition, the tissue mechanical parameters reported in the present study correspond to the total respiratory system, and hence, they may reflect changes in the chest-wall compartment. It is possible that RMT resulted in diaphragm thickening and a consequent hidden, opposite change-an elevation in chest-wall Est, which counteracted the observed, overall decrease in total Est.
There are some limitations regarding the present report. First, there is no histological evaluation of the adaptations in the lungs or diaphragm nor any measurement of respiratory muscle performance; both would help identify the effects of RMT in muscle fiber and lung parenchyma adaptations. However, the effects of RMT on diaphragmatic characteristics using this model in normal rats have been described previously (4, 42) . Second, the lack of a functional capacity evaluation may limit the understanding of the effects of RMT on peripheral skeletal muscle in this model. Finally, diaphragm functional tests, such as citrate synthase activity, respiratory muscle fatigue, and endurance, which would provide additional information about the effects of RMT, were not performed.
In conclusion, RMT results in improved sympathetic and parasympathetic modulation on HR and BRS. In addition, there is improvement in lung congestion, heart hypertrophy, hemodynamic function, and respiratory system mechanics, resulting in a better cardiopulmonary interaction in a rat model of HF, subsequent to MI. These findings determine a noteworthy contribution for using RMT as a new, nonpharmacological treatment modality in HF. Additionally, clinical studies may be done to test the effects of this intervention on cardiopulmonary interaction and other variables in patients with HF.
